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ARTICLE
Perinatal factors affect the gut microbiota up to
four years after birth
Fiona Fouhy 1,2, Claire Watkins1,2, Cian J. Hill1, Carol-Anne O’Shea3, Brid Nagle2, Eugene M. Dempsey3,4,
Paul W. O’Toole1,5, R. Paul Ross1,5, C. Anthony Ryan1,3 & Catherine Stanton1,2
Perinatal factors impact gut microbiota development in early life, however, little is known on
the effects of these factors on microbes in later life. Here we sequence DNA from faecal
samples of children over the first four years and reveal a perpetual evolution of the gut
microbiota during this period. The significant impact of gestational age at birth and delivery
mode on gut microbiota progression is evident in the first four years of life, while no mea-
surable effects of antibiotics are found in the first year. Microbiota profiles are also char-
acteristic in children dependant on gestational age and maturity. Full term delivery is
characterised by Bacteroides (year one), Parabacteroides (year two) and Christensenella-
ceae (year four). Preterm delivery is characterised by Lactobacillus (year one), Streptococcus
(year two) and Carnobacterium (year four). This study reveals that the gut retains distinct
microbial profiles of perinatal factors up to four years of age.
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The gut microbiota impacts on a range of host biologicalprocesses, such as host metabolism, immune defence andcognitive neurodevelopment1–4. The infant gut microbiota
is significantly affected by factors such as mode of delivery and
gestational age at birth5–7 until 2–3 years of age when it is thought
to resemble a more stable adult-like microbiota8,9, though the
exact timing of gut microbiota stabilisation (maturation) remains
unclear. Previously, we reported on the characterisation of gut
microbiota development during the first 24 weeks in a cohort of
initially breastfed infants born full term (FT) and preterm (PT)
(<35 weeks gestation) via vaginal delivery and Caesarean section
(CS) birth modes10. We demonstrated that mode of delivery,
gestational age at birth and breastfeeding had significant effects on
the microbiota composition over the first 24 weeks.
Infants born prematurely (<35 weeks gestation) have a gut
microbiota with reduced diversity and lower levels of Bifido-
bacterium and Bacteroides compared to FT infants11,12. World-
wide approximately 10% of babies are born prematurely and up
to 25% of PT survivors have adverse neurodevelopmental out-
comes13. In addition, infants born prematurely are likely to
receive antibiotic treatment, which exerts significant effects on gut
microbiota14. The effects of prematurity are often further con-
founded by CS delivery, with 43% of PT and 67% of very PT
infants born by CS15. In terms of progression, patterns of
microbial colonisation in the infant gut have primarily been
associated with gestational age at birth, after adjusting for anti-
biotic exposure, mode of delivery and breastfeeding status, among
others12,16,17. Indeed, many of these PT studies include very low
birth weight (VLBW) infants with extended hospital care, thereby
exposing the juvenile microbiome to surfaces in the neonatal
intensive care unit, which have previously been shown to influ-
ence gut microbiota colonisation18. Birth weight is therefore an
underlying factor that plays a role in microbiota progression as
VLBW infants also possess an immature immune system that
influences microbe–gut interactions19. Furthermore, the con-
vergence of gut microbiota profiles has been associated with
increases in Bifidobacterium spp. in FT infants between ~60 and
130 days post birth20. Research has shown that PT infants have
an altered gut microbiota compared to FT infants in early life10,
though limited research has been reported on later development
of their gut microbiota, which has recently been highlighted as a
research priority19.
Delivery mode has been shown to significantly impact on the
gut microbiota. Infants born by CS are colonised with greater
numbers of microbes from skin and environmental origins, than
vaginally delivered infants21,22. Furthermore, studies have shown
that those born by elective CS have particularly low richness and
diversity23. Feeding regime also influences the acquisition and
establishment of the infant gut microbiota. Breastfed infants are
reportedly colonised with microbes present in breast milk and
with greater numbers of Bifidobacterium compared to formula-
fed infants24–26. We have previously shown that significant dif-
ferences in gut microbiota were apparent when comparing CS
infants (but not vaginally born infants) who were breastfed for
<4 months compared to >4 months10.
Thus, while extensive research exists on the infant gut micro-
biota establishment within the initial days, weeks and months of
life, there remains limited data on the gut microbiota later in life.
In this study, we show that perinatal factors including delivery
mode and gestational age at birth result in distinct microbial
profiles extending to four years of age.
Results
Participant characteristics. Faecal samples were collected from
individuals at years one (n= 70), two (n= 57) and four (n= 32)
(all of whom were previously studied as part of the INFANTMET
study up to 24 weeks of age) (Supplementary data 1). Of the 70
participants at year one, 47% were studied at year two and 20% at
year four. Nine percent of the study participants were studied at
all three time points. With respect to gestational age at birth, 87%
(61/70) of infants studied at year one were born FT, 89% (51/57)
at year two and 75% (24/32) at year four. Of the PT born indi-
viduals studied, 6% were extremely low birth weight (<1000 g),
19% were VLBW (<1500 g), 62% were low birth weight (<2500 g)
and 13% were >2500 g. Metadata including details of delivery
mode, gestational age at birth, breastfeeding duration and anti-
biotic exposure are provided in Supplementary data 2.
Gut microbiota diversity increases with age. The 16S rRNA
sequencing resulted in >37,000 sequencing reads per sample, with
no significant differences between the number of sequencing
reads per samples at year one, two or four, (Supplementary
Fig. 1).
Using a redundancy analysis (RDA) plot to explore complex
associations between community composition and multiple
explanatory variables, we determined that age (p ≤ 0.001) and
gestational age at birth (p < 0.05; RDA) had a significant impact
on the microbiota (Fig. 1a). Similarly, using canonical
correspondence analysis (CCA), we determined that age (p ≤
0.001; CCA) and gestational age at birth (p < 0.01; CCA) had a
significant impact on the microbiota (Fig. 1b). Alpha diversity
significantly increased with age based on several measures,
including Shannon diversity and evenness (Fig. 2a). The highest
alpha diversity was found in those born FT (n= 136), with
lower diversity in those born PT (n= 23), when all samples
from years one, two and four, were included (Fig. 2b). Beta
diversity measures the between-group differences in diversity.
Based on Bray–Curtis distance matrices on data from
individuals sampled at one time point (year one, two or four),
there was a notable separation based on age up to four years
(Fig. 3a, c). The strongest significant effect was identified
between years one and four, with the highest R2 value of 0.176
and p < 0.001 (Adonis) (Fig. 3a, c). Gestational age at birth also
has a significant impact on community composition based on
operational taxonomic unit (OTU) variance using Bray–Curtis
distance matrices (p < 0.01; Adonis) (Fig. 3b, c). No visible
clustering of samples occurred based on delivery mode,
duration of breastfeeding, exposure to antibiotics/probiotics
in the first year of life and the presence of siblings in a
household (Supplementary Fig. 2A–E).
To further interrogate the factors associated with the clustering
of samples based on diversity, we used principal component
analysis (PCA+) to map gestational age at birth and current age
onto the gut microbiota data (Fig. 4). It was evident at year one
that a separation occurred between PT (n= 9) and FT (n= 61)
children. In addition, PT children at year four (n= 8) clustered
with FT children at year 2 (n= 51), suggesting a delayed
progression in microbiota diversity in those born PT. PERM-
DISP2 permutational analysis, which tests whether community
composition is significantly different between groups based on
the distances of each sample to the group centroid in a principal
coordinate analysis, showed separation of samples at years one,
two and four (Supplementary Fig. 3).
A heatmap was used to determine patterns in gut microbiota
based on age of the participant. Genera highlighted on the left-
hand side of the map (C), including Escherichia–Shigella and
Enterobacter were present at greater abundances at year one,
whereas genera highlighted on the right-hand side of the map (A,
B and D), including Ruminococcaceae spp. and Christensenella-
ceae spp., were present at greater abundances and Flavonifracter
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and Veillonella spp. were present at lower abundances at years
two and four (Fig. 5).
Gut microbiota composition at years one, two and four of life.
To investigate the changes in the gut microbiota of children
between years one, two and four of life, we conducted repeated-
measures statistical analysis on the data. Participants who were
sampled at more than one time point were included in the ana-
lysis, i.e. 27 individuals gave samples at years one and two, with
six individuals giving samples at all three time points (Supple-
mentary data 2). At the phylum level, Bacteroidetes, Verrucomi-
crobia and Actinobacteria were all significantly different in
abundance between time points (p < 0.05, repeated-measures
statistical analysis). At the family level, there were 24 significantly
different taxa found between time points, including Porphor-
omonadaceae (p < 0.001, repeated-measures statistical analysis),
Bifidobacteriaceae (p < 0.05, repeated-measures statistical analy-
sis), Bacteroidaceae (p < 0.05, repeated-measures statistical ana-
lysis), Acidaminococcaceae (p < 0.05, repeated-measures statistical
analysis), Peptostreptococcaceae (p < 0.05, repeated-measures sta-
tistical analysis) and Lactobacillaceae (p < 0.05, repeated-measures
statistical analysis). At the genus level, there were 56 significantly
different genera found between time points, including Sutterella
(p < 0.01, repeated-measures statistical analysis), Faecalibacterium
(p < 0.05, repeated-measures statistical analysis) Parabacteroides
(p < 0.05, repeated-measures statistical analysis), Ruminiclos-
tridium spp. (p < 0.05, repeated-measures statistical analysis) and
Lachnospiraceae (p < 0.05, repeated-measures statistical analysis)
(Supplementary data 3).
Identifying discriminative gut taxa at years one, two and four.
To identify the most discriminative taxa/OTUs that best char-
acterise microbiota composition at years one, two and four, sparse
partial least squared–discriminative analysis (sPLS-DA) was
conducted using a repeated-measures design on the top 1000
most abundant genera present at ≥2 time points (Fig. 6a).
Enterobacter, Haemophilus and Bifidobacterium were found to
best characterise the microbiota profile at one year, Holdemania,
Ruminococcaceae UCG005 and Christensenellaceae R7 at two
years and Ruminococcaceae UCG004 and Coprococcus_1 at four
years (Fig. 6b).
Gestational age impacts gut microbiota up to four years of age.
In order to determine whether gestational age at birth exerted
measurable effects on gut microbiota at one, two and four years of
life, ANalysis of COmposition of Microbiomes (ANCOM) was
performed on the top 1000 most abundant taxa at the phylum,
family and genus levels. At year one, no significant differences
occurred at the phylum level between those born FT versus PT.
At the family level, Alcaligenaceae were only detected in FT born
infants (p < 0.05, ANCOM) and at the genus level Tyzerella_4 was
significantly higher in those born PT compared to those who were
born FT (p < 0.05, ANCOM). To determine whether there were
bacteria present in the gut microbiota at one year that could
discriminate based on gestational age at birth, we used a feature
selection statistical analysis (LDA Effect Size (LEfSe)), which
determines the features (in this study, genera) most likely to
explain differences between groups. There were eight genera that
discriminated those who had been born PT from those born FT,
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at one year of age, with Lactobacillus having the greatest dis-
criminatory power for PT delivery. FT birth was discriminated by
higher Bacteroides and Faecalibacterium, Veillonella, Sutterella,
Parabacteroides and various Lachnospiracheae and Rumino-
coccaceae spp. (Supplementary Fig. 4A).
At two years of age, there were no significant differences
between children based on gestational age at birth, at the
phylum and family levels. At the genus level, Parabacteroides
were only detected in the FT delivered infants at year two.
Using LEfSe analysis, several discriminative bacteria were
identified at year two based on gestational age with Strepto-
coccus having the greatest discriminatory power for PT delivery,
while Parabacteroides was associated with FT delivery (Supple-
mentary Fig. 4B).
At four years of age, there were no significant differences
between the gut microbiota at the phylum level of children based
on gestational age at birth. At the family level, FT delivery
resulted in significantly increased Clostridiaceae and, at the genus
level, significantly higher Coprococcus. Discriminative bacteria
were identified between children based on gestational age at birth
including Carnobacterium, Desulfovibrio and Pharscolaractobac-
terium in PT born children, while Christensenellaceae and various
Ruminococcaceae and Lachnospiraceae spp. discriminated those
who had been born FT (Supplementary Fig. 4C).
Delivery mode impacts on gut microbiota up to four years. In
order to determine whether delivery mode exerted measurable
effects on gut microbiota at one, two and four years of life,
ANCOM was used. At one year, there were no significant dif-
ferences at the phylum level between children based on delivery
mode. At the family level, Porphoromonadaceae were significantly
higher in those who had been born vaginally (p < 0.01, ANCOM),
and at the genus level these individuals also had higher levels of
uncultured organisms (p < 0.05, ANCOM). To determine
the discriminative bacteria based on delivery mode at year one,
LEfSe analysis was conducted. This analysis determined
Sutterella, Parabacteroides and uncultured organisms to be the
discriminative bacteria of vaginally delivered individuals at
year one, while Akkermansia, Citrobacter, Lachnospiracheae
UCG008 and Coprococcus 2 were the microbes that discriminated
CS delivered children at one year (Supplementary Fig. 5A).
When the gut microbiota of two-year-old children was studied,
no significant differences were determined using ANCOM
between those born vaginally or by CS. LEfSe identified
Parabacteroides and Ruminiclostridium as the discriminating
bacteria for vaginally delivered children, while Gordonibacter
and Lachnospiracheae NC2004 group were discriminative of
CS delivery, based on gut microbiota two years after birth
(Supplementary Fig. 5B).
At four years, there were no significant differences detected in
the gut microbiota based on delivery mode, at the phylum
or family levels. At the genus level, vaginally delivered individuals
had significantly higher uncultured organisms compared to those
delivered through CS. Six genera were identified as discriminatory
for vaginal delivery based on the gut microbiota at four
years, namely Coprococcus 2, Ruminiclostridium 1, Lachnospir-
aceae UCG001, Clostridium sensu strictu 1, Peptoclostridium and
uncultured organisms (Supplementary Fig. 5C).
Discussion
Extensive research now exists around the acquisition and devel-
opment of the infant gut microbiota during delivery and in the
initial weeks of life. However, research determining how long
early-life factors continue to exert measurable effects on gut
microbiota remains limited5,8. Thus this prospective study
investigated whether perinatal factors including gestational age at
birth and delivery mode would be remembered by the gut
microbiota, resulting in distinct microbiota profiles up to four
years of age.
In line with the existing data, our study confirms the continued
development and maturation of the gut microbiota during the
initial years of life. We identified an increase in gut microbiota
diversity with increasing age to four years, with the greatest sig-
nificant difference found between infants at year one and year
four. This continuous shift in microbiota development was pre-
viously described in a Danish cohort of infants from nine to
36 months of age27. This gradual change in microbiota diversity
has been associated with diet and other environmental factors
previously described28,29. Conversely, factors such as antibiotic
exposure have been shown to reduce gut microbiota diversity. In
addition, lower diversity has been associated with later adverse
health outcomes, including atopy and allergic diseases30–32.
The abundance of several phyla differed significantly with the
age of the participant. Bacteroidetes was found to significantly
decrease with age in children born FT; however, the opposite
occurred in those born PT where Bacteroidetes significantly
increased during the first four years of life. Actinobacteria was
found to significantly decrease over time in all children (born FT
or PT). These results are not surprising as Actinobacteria are
known to decrease with age, as soon as breastfeeding has ceased
and weaning has begun29,33. Furthermore, a number of genera
were found to significantly decrease over time in the FT subjects,
including Bacteroides and Bifidobacterium. Genera found to
increase significantly over time in the FT cohort included
Coprococcus, Lachnospiraceae and Dorea (repeated-measures
analysis), previously associated with an adult-like microbiota29,34.
Yatsunenko et al. examined the gut microbiome of healthy chil-
dren and adults from the Amazonas of Venezuela, rural Malawi,
and USA metropolitan areas and found that Bifidobacterium
species were dominant throughout the first year of life and
continued to decrease during this period5. Interestingly, the
children at year four in the current study had a gut microbiota
profile dominated by taxa such as Ruminococcaceae, Dialister,
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as a Source Data file
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Faecalibacterium, Bacteroides and Christensenellaceae. Long-term
dietary interventions have found Bacteroides associated with
protein and animal fat intake, thus the microbiota likely reflect
adaptation to the increasingly adult-type diet by four years35.
Similar in-depth analysis of the infant gut microbiome from
birth to three years of age has previously been described, whereby
shifts in microbiota composition were predominantly altered by
life events, such as dietary changes, antibiotic administration and
illness6,8,36. Our results further expand these previous findings
and demonstrate that the gut microbiota continues to evolve up
to four years of age.
In addition to the impact of age on gut microbiota diversity, we
also investigated whether perinatal factors including gestational
age leave distinct microbial profiles on the microbiota up to four
years of age. The results showed that gestational age at birth and
delivery mode continued to impact diversity during the first
four years of life with those born FT having the highest diversity
at one, two and four years of age, while PT infants had lower
diversity. As many of our PT infants were born by CS, this
reduced diversity is not surprising. Our previous research on
these infants up to 24 weeks also demonstrated that alpha
diversity continues to increase from birth to 24 weeks of age, but
the diversity did not increase evenly, with FT vaginally delivered
infants having the highest diversity, and PT vaginally delivered
infants having the lowest diversity10.
Based on gestational age at birth, certain microbiota were
capable of discriminating between children up to four years. At
one year, Bacteroides and Faecalibacterium best discriminated FT
born individuals, while Lactobacillus was the discriminatory
bacteria for PT delivered individuals. At two years, Streptococcus
was discriminatory of PT delivery, while Parabacteroides was
discriminatory of FT birth. By four years, Christencenellaceae and
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Ruminococcaceae best discriminated FT delivered individuals,
while Carnobacterium was associated with PT delivery. Previous
studies have found a delayed succession of microbial species in
PT infants16, which may be attributed to gestational age at birth
and antibiotic exposure37–39. There is currently a paucity of data
surrounding PT infant gut microbiota acquisition and develop-
ment and its impact on later health outcomes, thus this study
provides important insights into the impact of gestational age at
birth on gut microbiota development up to four years of age. The
abundance of Lactobacillus at year one in PT children may reflect
a less adult-like gut microbiota, compared to FT infants. Indeed,
Chernikova et al. found that gestational age had a positive effect
on the abundance of Lactobacillus in PT infants37 and increased
levels of Lactobacillus were previously reported in PT infants
compared to FT infants at three months of age40.
With a global increase in CS deliveries41, we were interested
in studying the longer-term impact of delivery mode on gut
microbiota development over the first four years of life. Our study
found that Lachnospiraceae was dominant in CS delivered
children and Parabacteroides was found to be more unique to
vaginally delivered children at one and two years of age; however,
by year four, Lachnospiraceae and other Clostridium spp. became
more dominant in these vaginally delivered children. Recent
findings have further demonstrated the continued impact of
perinatal factors, including delivery mode, on gut microbiota
succession42. Thus our study further demonstrates the continued
impact of key perinatal factors on gut microbiota development
and the necessity for further studies to interrogate the associated
health impacts.
In our previous study on these infants up to 24 weeks, we
demonstrated the significant effect of breastfeeding duration on
the microbiota of the FT CS infants but not on the FT vaginally
delivered infants10. Five genera were found to be present at sig-
nificantly different abundances at week 24 due to prolonged
breastfeeding (>4 months): Sutterella, Clostridium_XIV, Mega-
monas, Lachnoanaerobaculum, and Megasphaera. However, in
this follow-up study, we did not detect significant differences in
gut microbiota at years one, two or four due to breastfeeding.
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This is likely due to the fact that the early-life impact of breast-
feeding can no longer be detected, perhaps due to the influence of
other factors, including diet, age and environment.
No sustained effects of antibiotic exposure during the first
year of life were observed in this study. However, this may
reflect a lack of detailed longitudinal antibiotic data in this
study. We have previously shown that early-life exposure to
antibiotics results in alterations to the microbiota, with
incomplete recovery up to two months post treatment, with
others showing recovery of the infant gut microbiota following
short-term antibiotic use6,14. In addition, we did not observe
significant effects of antibiotic exposure on diversity measures
across the first four years of life. A recent study demonstrated
that antibiotic-treated children showed less diversity at the
species and strain levels in their gut microbiota and some
species were dominated by a single strain over the first
36 months of life6. In addition, that study also showed that the
ability of antibiotic resistance genes on mobile elements per-
sisted longer after antibiotic exposure and that the gut micro-
biota of antibiotic-treated children was less stable compared to
antibiotic-naive infants. Fewer studies have examined the
impact of antibiotics on the gut microbiota beyond one year of
age. A study of 42 Finnish children found that macrolide use
resulted in a long-term reduction in gut microbiota richness
that persisted even 24 months later43. Further studies applying
shotgun sequencing coupled with detailed antibiotic history are
required to increase our understanding of the impact of early-
life exposure to antibiotics on gut microbiota composition,
stability and the development of a resistance reservoir.
This study has some limitations. Firstly, in this study we were
unable to examine the impact of prolonged breastfeeding on gut
microbiota. While we recorded breastfeeding duration as less
than or greater than four months, we could not determine whe-
ther prolonged breastfeeding resulted in a beneficial effect on gut
microbiota up to four years of age. Secondly, this study has a
relatively small number of PT participants (n= 16); of the PTs
studied, only 6% were extremely low birth weight (<1000 g), 19%
were VLBW (<1500 g) and 13% were >2500 g. However, we have
shown that gestational age is a more accurate measure of the
impact of prematurity, as not all low birth weight infants are PT.
Furthermore, this study is, to our knowledge, the longest newborn
microbiota study to date.
The results of this study have shown that gestational age at
birth still imprints on the microbiome at four years of age. This is
extremely important as now worldwide >10% of babies are born
prematurely annually and up to 25% of PT survivors are left with
adverse neurodevelopmental outcomes. This study is limited to
correlations rather than causation between prematurity and gut
microbiota development and thus we cannot predict the impli-
cations on neurodevelopmental outcomes of the altered micro-
biome in prematurity. Our data reveal an association between
prematurity and a persistent microbiome imprint at least up to
four years of age, highlighting the opportunities for large-scale
studies to investigate the relationship between gestational age, gut
microbiota and the gut–brain axis. Moreover, this study opens up
opportunities whereby live biotherapeutic interventions may be
beneficial in PT infants to modulate the gut microbiota to
resemble their FT born counterparts.
Methods
Participants and sample collection. The participants in this study were recruited
as part of the INFANTMET study cohort, based in Cork, Ireland10. Ethical
approval was provided by the Cork University Hospital Research Ethics Committee
(reference ECM (w) 07/02/2012) and all work complied with all relevant ethical
regulations for working with human participants. Written informed consent was
obtained from infant participant’s parents. The INFANTMET cohort was subse-
quently followed up, with samples collected one, two and four years after birth
(Supplementary data 1 and 2) from children born FT and PT (<35 weeks gestation)
by CS and vaginal delivery.
DNA extraction and processing. Fresh faecal samples were collected from 70
infants (43% females) at year one, 57 at year two and 32 at year four. Samples were
stored at 4 °C (maximum 24 h) until transfer to the laboratory, where they were
placed at −80 °C until processed. DNA was extracted from a 250-mg faecal sample
using a previously described modified protocol, which combined the repeat bead
beating method with the QIAmp Fast DNA Stool Mini Kit (Qiagen, UK)44,45.
16S rRNA amplification and MiSeq sequencing. The V4–V5 variable region of
the 16S rRNA gene was amplified from 159 faecal DNA extracts. This region was
chosen to allow the most accurate representation of the infant gut microbiota10.
DNA was amplified with primers specific to the V4–V5 region of the 16S rRNA
gene (Forward primer 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
AYTGGGYDTAAAGNG and reverse primer 5’GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGCCGTCAATTYYTTTRAGTT). Each PCR reaction con-
tained 5 µl DNA template, 5 µl forward primer (10 µM), 5 µl reverse primer
(10 µM) and 12.5 µl 2× Kapa HiFi Hotstart ready mix (Anachem, Dublin, Ireland).
PCR amplification was performed as follows: 95 °C × 5min followed by 30 cycles of
95 °C × 30 s, 65 °C × 30 s, 72 °C × 30 s, followed by 72 °C × 5 min and samples held
at 4 °C. Successful PCR products were cleaned using AMPure XP magnetic bead-
based purification (Labplan, Dublin, Ireland) and indexed as described in the
Illumina 16S library preparation protocol. Samples were subsequently quantified
and pooled in an equimolar fashion. Samples were sequenced on the MiSeq
sequencing platform at Teagasc, using a 2 × 250 cycle V3 Kit, following standard
Illumina sequencing protocols.
Bioinformatics and statistical analysis. Paired-end reads were assembled using
FLASH (FLASH: fast length adjustment of short reads to improve genome
assemblies). Further processing of paired-end reads including quality filtering
based on a quality score of >25 and removal of mismatched barcodes and
sequences was completed using QIIME version 1.9.0. Denoising, chimera detection
and clustering into OTU grouping were performed using USEARCH v746. OTUs
were aligned using PyNAST and taxonomy was assigned using BLAST against the
SILVA SSURef database release 123.
Statistical analysis. Statistical analysis was performed using the Calypso online
software (version 8.68)47. All samples had >37,000 reads. Taxa present at <0.01%
were removed and up to 20,000 taxa are included in the analysis, unless otherwise
stated. Cumulative-sum scaling was used and data were log2 transformed to
account for the non-normal distribution of taxonomic count data for alpha and
beta diversity testing and repeated-measures statistical analysis48.
Multivariate analysis including both RDA and CCA methods were used to
investigate the complex associations between microbiota composition and various
explanatory variables.
Alpha diversity was measured using Shannon diversity (which measures the
overall diversity of a community, including the number of taxa/OTUs) and
evenness (which measures how evenly abundant the taxa/OTUs are). Beta diversity
was measured based on Bray–Curtis distance matrices on data from individuals
sampled at one time point (years one, two or four).
Hierarchical clustering of the 100 most abundant genera (p < 0.05; analysis of
variance) were visualised using a heatmap to determine patterns in gut microbiota
based on the age of the participant. Repeated-measures statistical analysis was
performed on infants sampled at ≥2 time points (Supplementary data 2). The 1000
most abundant taxa were included in the analysis. Year was chosen as the fixed
effect and adjusted for gestational age at birth to determine the impact of PT birth
on gut microbiota composition and dynamics. To identify the most discriminative
taxa/OTUs that best characterise microbiota composition at years one, two and
four, sPLS-DA was conducted using a repeated-measures design on the top 1000
most abundant genera present at ≥2 time points.
ANCOM was used to study the gut microbiota of participants at one, two and
four years. ANCOM compares the log ratio of the abundance of each taxon to the
abundance of all the remaining taxa one at a time and then Mann–Whitney U is
calculated on each log ratio. Data were not scaled or normalised prior to running
ANCOM. ANCOM accounts for compositional constraints of metagenomic data to
reduce false discoveries in detecting differentially abundant taxa49.
LEfSe was used to identify predominant taxa between years one, two and four,
considering biological consistency and effect relevance50. Calculated p values are
adjusted for multiple testing using the false discovery rate (FDR) correction. All
p values provided are following FDR correction. Significance was accepted as p <
0.05 following FDR correction.
Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability
The data that supports the findings of this study are available upon reasonable request
from the corresponding author. The source data underlying Figs. 1–6 are provided as a
Source Data file. We provide the raw sequencing table_tax file (Calypso V3 format) and
the metadata required for each figure and used in the statistical analysis in this study.
Received: 10 October 2018 Accepted: 28 February 2019
References
1. Wopereis, H. et al. The first thousand days–intestinal microbiology of early
life: establishing a symbiosis. Pediatr. Allergy Immunol. 25, 428–438 (2014).
2. Morais, L. et al. Enduring neurobehavioural effects in mice induced by early-
life microbiota-gut-brain axis disruption: reversal by oxytocin. Eur.
Neuropsychopharmacol. 27, S37–S38 (2017).
3. Clarke, G. et al. Minireview: gut microbiota: the neglected endocrine organ.
Mol. Endocrinol. 28, 1221–1238 (2014).
4. O’Hara, A. M. & Shanahan, F. J. Er The gut flora as a forgotten organ. EMBO
Rep. 7, 688–693 (2006).
5. Yatsunenko, T. et al. Human gut microbiome viewed across age and
geography. Nature 486, 222 (2012).
6. Yassour, M. et al. Natural history of the infant gut microbiome and impact of
antibiotic treatment on bacterial strain diversity and stability. Sci. Transl. Med.
8, 343ra381–343ra381 (2016).
7. Dominguez-Bello, M. G. et al. Delivery mode shapes the acquisition and
structure of the initial microbiota across multiple body habitats in newborns.
Proc. Natl. Acad. Sci. 107, 11971–11975 (2010).
8. Koenig, J. E. et al. Succession of microbial consortia in the developing infant
gut microbiome. Proc. Natl. Acad. Sci. 108, 4578–4585 (2011).
9. Palmer, C., Bik, E. M., DiGiulio, D. B., Relman, D. A. & Brown, P. O.
Development of the human infant intestinal microbiota. PLoS Biol. 5, e177
(2007).
10. Hill, C. J. et al. Evolution of gut microbiota composition from birth to
24 weeks in the INFANTMET Cohort. Microbiome 5, 4 (2017).
11. Barrett, E. et al. The individual-specific and diverse nature of the preterm
infant microbiota. Arch. Dis. Child. Fetal Neonatal Ed. 98, F334–40
(2013).
12. Korpela, K. et al. Intestinal microbiota development and gestational age in
preterm neonates. Sci. Rep. 8, 2453 (2018).
13. Sutton, P. S. & Darmstadt, G. L. Preterm birth and neurodevelopment: a
review of outcomes and recommendations for early identification and cost-
effective interventions. J. Trop. Pediatr. 59, 258–265 (2013).
14. Fouhy, F. et al. High-throughput sequencing reveals the incomplete, short-
term, recovery of the infant gut microbiota following parenteral antibiotic
treatment with ampicillin and gentamycin. Antimicrob. Agents Chemother. 56,
5811–5820 (2012).
15. Delnord, M. et al. Varying gestational age patterns in cesarean delivery: an
international comparison. BMC Pregnancy Childbirth 14, 321 (2014).
16. La Rosa, P. S. et al. Patterned progression of bacterial populations in the
premature infant gut. Proc. Natl. Acad. Sci. 111, 12522–12527 (2014).
17. Grier, A. et al. Impact of prematurity and nutrition on the developing gut
microbiome and preterm infant growth. Microbiome 5, 158 (2017).
18. Brooks, B. et al. Microbes in the neonatal intensive care unit resemble those
found in the gut of premature infants. Microbiome 2, 1 (2014).
19. Groer, M. W. et al. Development of the preterm infant gut microbiome: a
research priority. Microbiome 2, 38 (2014).
20. de Muinck, E. J. & Trosvik, P. J. Nc Individuality and convergence of the
infant gut microbiota during the first year of life. Nat. Commun. 9, 2233
(2018).
21. Rutayisire, E., Huang, K., Liu, Y. & Tao, F. The mode of delivery affects the
diversity and colonization pattern of the gut microbiota during the first year of
infants’ life: a systematic review. BMC Gastroenterol. 16, 86 (2016).
22. Mueller, N. T. et al. Delivery mode and the transition of pioneering gut-
microbiota structure, composition and predicted metabolic function. Genes 8,
364 (2017).
23. Azad, M. B. et al. Gut microbiota of healthy Canadian infants: profiles by
mode of delivery and infant diet at 4 months. Can. Med. Assoc. J. 185,
385–394 (2013).
24. Sela, D. A. & Mills, D. A. Nursing our microbiota: molecular linkages between
bifidobacteria and milk oligosaccharides. Trends Microbiol. 18, 298–307
(2010).
25. Roger, L. C., Costabile, A., Holland, D. T., Hoyles, L. & McCartney, A. L.
Examination of faecal Bifidobacterium populations in breast-and
formula-fed infants during the first 18 months of life. Microbiology 156,
3329–3341 (2010).
26. Guaraldi, F. & Salvatori, G. Effect of breast and formula feeding on gut
microbiota shaping in newborns. Front. Cell. Infect. Microbiol. 2, 94 (2012).
27. Bergström, A. et al. Establishment of intestinal microbiota during early life: a
longitudinal, explorative study of a large cohort of Danish infants. Appl.
Environ. Microbiol. 80, 2889–2900 (2014).
28. Marques, T. M. et al. Programming infant gut microbiota: influence of dietary
and environmental factors. Curr. Opin. Biotechnol. 21, 149–156 (2010).
29. Bäckhed, F. et al. Dynamics and stabilization of the human gut microbiome
during the first year of life. Cell Host Microbe 17, 690–703 (2015).
30. Abrahamsson, T. R. et al. Low diversity of the gut microbiota in infants with
atopic eczema. J. Allergy Clin. Immunol. 129, 434–440 (2011).
31. Lynch, S. V. et al. Effects of early-life exposure to allergens and bacteria on
recurrent wheeze and atopy in urban children. J. Allergy Clin. Immunol. 134,
593.e12–601.e12 (2014).
32. Cahenzli, J. et al. Intestinal microbial diversity during early-life colonization
shapes long-term IgE levels. Cell Host Microbe 14, 559–570 (2013).
33. Arboleya, S., Watkins, C., Stanton, C. & Ross, R. P. Gut bifidobacteria
populations in human health and aging. Front. Microbiol. 7, 1204 (2016).
34. Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K. & Knight, R.
Diversity, stability and resilience of the human gut microbiota. Nature 489,
220 (2012).
35. Wu, G. D. et al. Linking long-term dietary patterns with gut microbial
enterotypes. Science 334, 105–108 (2011).
36. Dogra, S. et al. Dynamics of infant gut microbiota are influenced by delivery
mode and gestational duration and are associated with subsequent adiposity.
mBio 6, e02419–14 (2015).
37. Chernikova, D. A. et al. The premature infant gut microbiome during the first
6 weeks of life differs based on gestational maturity at birth. Pediatr. Res. 1,
71–79 (2018).
38. Greenwood, C. et al. Early empiric antibiotic use in preterm infants is
associated with lower bacterial diversity and higher relative abundance of
Enterobacter. J. Pediatr. 165, 23–29 (2014).
39. Arboleya, S. et al. Impact of prematurity and perinatal antibiotics on the
developing intestinal microbiota: a functional inference study. Int. J. Mol. Sci.
17, 649 (2016).
40. Arboleya, S. et al. Establishment and development of intestinal microbiota in
preterm neonates. FEMS Microbiol. Ecol. 79, 763–772 (2012).
41. Betrán, A. P. et al. The increasing trend in caesarean section rates: global,
regional and national estimates: 1990-2014. PLoS ONE 11, e0148343 (2016).
42. Stewart, C. J. et al. Temporal development of the gut microbiome in early
childhood from the TEDDY study. Nature 562, 583–588 (2018).
43. Korpela, K. et al. Intestinal microbiome is related to lifetime antibiotic use in
Finnish pre-school children. Nat. Commun. 7, 10410 (2016).
44. Yu, Z. & Morrison, M. Improved extraction of PCR-quality community DNA
from digesta and fecal samples. Biotechniques 36, 808–813 (2004).
45. Fouhy, F. et al. The effects of freezing on faecal microbiota as determined
using MiSeq sequencing and culture-based investigations. PLoS ONE 10,
e0119355 (2015).
46. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461 (2010).
47. Zakrzewski, M. et al. Calypso: a user-friendly web-server for mining and
visualizing microbiome–environment interactions. Bioinformatics 33, 782–783
(2016).
48. Joseph, N., Paulson, C., Corrada Bravo, H. & Pop, M. Robust methods for
differential abundance analysis in marker gene surveys. Nat. Methods 10,
1200–1202 (2013).
49. Weiss, S. et al. Normalization and microbial differential abundance strategies
depend upon data characteristics. Microbiome 5, 27 (2017).
50. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome
Biol. 12, R60 (2011).
Acknowledgements
We would like to extend our most grateful thanks to all the families who agreed to
take part in the INFANTMET study. The authors wish to acknowledge Dr. Paul
Cotter, Dr. Fiona Crispie and Ms. Laura Finnegan from the Teagasc Sequencing
facility for their role in relation to the 16S rRNA sequencing and Ms. Grace Ahern for
assistance with sample processing. This work was supported by the APC Microbiome
Ireland SFI funding and Government of Ireland National Development Plan by way
of a Department of Agriculture, Food and Marine FIRM grant to the INFANTMET
project (to C.S.) and by a grant from the Health Research Board of Ireland (HRA_-
POR/2012/123) to P.W.O’T.
Author contributions
F.F. conducted the laboratory experiments, performed the bioinformatic and statistical
analysis and wrote the manuscript. C.W. conducted the laboratory experiments,
performed statistical analysis and wrote the manuscript. C.J.H. was involved in sample
collection and laboratory experiments and contributed to the writing of the
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09252-4 ARTICLE
NATURE COMMUNICATIONS |         (2019) 10:1517 | https://doi.org/10.1038/s41467-019-09252-4 |www.nature.com/naturecommunications 9
manuscript. C.-A.O’S. was involved in consenting participants, collection of samples
and writing of the manuscript. B.N. was involved in laboratory experiments. P.W.O’T.,
C.A.R., E.M.D., R.P.R. and C.S. were involved in study design, interpretation of the
results and writing of the manuscript. All authors read and approved the final
manuscript.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09252-4.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09252-4
10 NATURE COMMUNICATIONS |         (2019) 10:1517 | https://doi.org/10.1038/s41467-019-09252-4 | www.nature.com/naturecommunications
